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(57) ABSTRACT

A first embodiment of a detection apparatus arranged to
detect defects within a flexible pipe body comprises a signal
generator, a receiver, a correlator and a processor. A second
embodiment of a detection apparatus arranged to detect
defects within a flexible pipe at least partially surrounded by
seawater comprises an impedance monitor and a processor.
Methods of detecting defects within a tlexible pipe body, a
pipeline apparatus and methods of forming pipeline appa-
ratuses are also disclosed.
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1
DETECTION APPARATUS AND METHOD

FIELD OF THE INVENTION

The present imnvention relates to a detection apparatus and
method. In particular, the present invention relates to a
detection apparatus arranged to detect defects within a
flexible pipe body, and a method of detecting defects or
changes of condition of a pipe body. Particular embodiments
relate to a flexible pipe comprising a flexible pipe body and
the detection apparatus, a method of forming such a flexible
pipe, and a method of operating such a flexible pipe. Certain
embodiments of the present mnvention are also arranged to
detect a change in condition of a pipe body.

BACKGROUND OF THE INVENTION

Traditionally flexible pipe 1s utilised to transport produc-
tion fluids, such as o1l and/or gas and/or water, from one
location to another. Flexible pipe 1s particularly useful 1n
connecting a sub-sea location (which may be deep under-
water, say 1000 metres or more) to a sea level location. The
pipe may have an internal diameter of typically up to around
0.6 metres. Flexible pipe 1s generally formed as an assembly
ol a tlexible pi1pe body and one or more end fittings. The pipe
body 1s typically formed as a combination of layered mate-
rials that form a pressure-containing conduit. The pipe
structure allows large detlections without causing bending
stresses that impair the pipe’s functionality over 1ts lifetime.
The pipe body 1s generally built up as a combined structure
including metallic and polymer layers.

In many known flexible pipe designs the pipe body
includes one or more pressure armour layers. The primary
load on such layers 1s formed from radial forces. Pressure
armour layers often have a specific cross section profile to
interlock so as to be able to maintain and absorb radial forces
resulting from outer or inner pressure on the pipe. The cross
sectional profile of the wound wires which thus prevent the
pipe from collapsing or bursting as a result of pressure are
sometimes called pressure-resistant profiles. When pressure
armour layers are formed from helically wound wired form-
ing hoop components, the radial forces from outer or inner
pressure on the pipe cause the hoop components to expand
or contract, putting a tensile load on the wires.

In many known flexible pipe designs the pipe body
includes one or more tensile armour layers. The primary
loading on such a tensile armour layer i1s tension. In high
pressure applications, such as 1n deep and ultra deep water
environments, the tensile armour layer experiences high
tension loads from a combination of the internal pressure
end cap load and the self-supported weight of the tlexible
pipe. This can cause failure in the flexible pipe since such
conditions are experienced over prolonged periods of time.

Unbonded flexible pipe has been used for deep water (less
than 3,300 feet (1,005.84 metres)) and ultra deep water
(greater than 3,300 feet) developments. It 1s the increasing
demand for o1l which 1s causing exploration to occur at
greater and greater depths where environmental factors are
more extreme. For example, in such deep and ultra-deep
water environments, ocean floor temperature increases the
risk of production fluids cooling to a temperature that may
lead to pipe blockage. Increased depths also increase the
pressure associated with the environment in which the
flexible pipe must operate. As a result the need for high
levels of performance from the layers of the flexible pipe
body 1s increased. Flexible pipe may also be used for
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shallow water applications (for example less than around
500 metres depth) or even for shore (overland) applications.

One way to improve the load response and thus perfor-
mance of armour layers 1s to manufacture the layers from
thicker and stronger and thus more robust materials. For
example, for pressure armour layers in which the layers are
often formed from wound wires with adjacent windings 1n
the layer interlocking, manufacturing the wires from thicker
material results 1n the strength increasing appropnately.
However, as more material 1s used, the weight of the flexible
pipe increases. Ultimately the weight of the flexible pipe can
become a limiting factor in using flexible pipe. Additionally
manufacturing flexible pipe using thicker and thicker mate-
rial increases material costs appreciably, which 1s also a
disadvantage.

Regardless of measures taken to improve the performance
of armour layers within a pipe body, there remains a risk of
defects arising within a flexible pipe. A defect may comprise
damage to an outer wall of a flexible pipe body resulting 1n
the ingress of seawater into an annulus within the pipe body
such that seawater fills voids between the armour layer wires
and other structural elements of the pipe. Armour layer wires
and other structural elements are typically manufactured
from steel or other metallic materials, which are vulnerable
to accelerated corrosion upon contact with seawater. If such
a defect 1s not detected promptly then the structural integrity
of the pipe body can be compromised. Detection of defects
has previously often required visual mspection of the pipe
body, which can be hazardous, particularly for deep water
and ultra-deep water installations. Furthermore, certain
changes 1n condition of a flexible pipe, including bending,
crushing and large temperature varations can lead to
defects, 1f left unchecked. Such changes 1n condition have

previously often only been detectable through visual mnspec-
tion.

SUMMARY OF THE INVENTION

Certain embodiments of the invention provide the advan-
tage that a defect within a pipe body can be detected without
requiring periodic visual mspection. Defects can then be
repaired, or the pipe body replaced. Detectable defects
include a breach of the outer wall of a flexible pipe and the
ingress of seawater into a pipe body annulus. Certain
embodiments can also provide an indication of changes 1n
the condition of the pipe body, for mstance due to crushing
or bending applied to the pipe body, or variation 1n tem-
perature along the length of the pipe body.

According to a first aspect of the present invention there
1s provided a detection apparatus arranged to detect defects
within a tlexible pipe, the detection apparatus comprising: a
signal generator arranged to couple to first and second
clectrically conductive members extending at least partially
along the length of a flexible pipe and electrically 1solated
from one another to form an electrical transmission line, the
signal generator being arranged to generate an electrical test
signal and to apply the test signal between the first and
second electrically conductive members, the test signal
comprising a pulse code modulated electrical signal; a
receiver arranged to couple to the first and second electri-
cally conductive members and to receive an electrical return
signal comprising a reflection of the test signal; a correlator
arranged to correlate the test signal with the return signal and
to determine a correlation signal; and a processor arranged
to detect variation of the correlation signal, and to determine
if a detected vaniation 1s indicative of a pipe defect.
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The pipe may be for high pressure use in o1l and gas
extraction.

The signal generator may be arranged to generate a test
signal comprising a random or pseudo-random series of
pulses. In particular, the signal generator may be arranged to
generate a test signal comprising a continuous pulse code
modulated electrical signal or bursts of a pulse code modu-
lated electrical signal.

The processor may be arranged to detect a feature in the
correlation signal and to determine a corresponding spatial
position along the flexible pipe body from the correlation
delay corresponding to the feature from the predetermined
propagation speed of the electrical transmission line. The
processor may be further arranged to determine the magni-
tude of the feature in the correlation signal and, to determine
a corresponding magnitude of a local variation in the char-
acteristics of the electrical transmission line. The processor
may be further arranged to determine the nature of the
physical event associated with the feature.

The processor may be arranged to generate an output
signal indicating that a correlation signal variation indicative
of a pipe body defect or a change 1n condition of the pipe
body has been detected. The processor may be further
arranged to generate an output signal indicating a corre-
sponding spatial position along the flexible pipe body for a
local variation 1n the characteristic impedance of the elec-
trical transmission line.

According to a second aspect of the present mvention
there 1s provided a method of detecting defects within a
flexible pipe, the method comprising: coupling a signal
generator to first and second electrically conductive mem-
bers extending at least partially along the length of a flexible
pipe and electrically 1solated from one another to form an
clectrical transmaission line; generating at the signal genera-
tor an electrical test signal comprising a pulse code modu-
lated electrical signal; applying the test signal between the
first and second electrically conductive members; coupling
a receiver to the first and second electrically conductive
members; receiving an electrical return signal comprising a
reflection of the test signal; correlating the test signal with
the return signal to determine a correlation signal; detecting,
variation ol the correlation signal; and determining if a
detected vanation 1s indicative of a pipe defect.

According to a third aspect of the present invention there
1s provided a pipeline apparatus comprising: a pipe body
including first and second electrically conductive members
extending at least partially along the length of the pipe body
and electrically 1solated from one another to form an elec-
trical transmission line; an end fitting coupled to at least one
end of the pipe body; and a detection apparatus according to
the first aspect of the present mvention coupled to an end
fitting coupled to an end of the flexible pipe body, wherein
the signal generator 1s coupled to the first and second
clectrically conductive members.

At least one electrically conductive member may com-
prise a metallic structural member of the pipe body, elec-
trically 1solated within the pipe body structure. At least one
clectrically conductive member may comprise a suitably
conductive tape element (for instance a metallic wire or
cable) extending through the pipe body between an inner-
most barrier layer and an outermost barrier layer. One
member may comprise the structure of the pipe, for instance
a layer or armour wire and the other member may comprise
a structural element which 1s electrically 1solated from the
surrounding structural elements.

The pipeline apparatus may further comprise a second
detection apparatus, the second detection apparatus com-

5

10

15

20

25

30

35

40

45

50

55

60

65

4

prising: an impedance monitor coupled to and arranged to
measure the impedance between an electrically conductive
member extending at least partially along the length of the
pipe body and a seawater electrode 1n contact with seawater
surrounding at least part of the pipe body 1n response to an
clectrical test signal applied to the electrically conductive
member at first and second frequencies; and a processor
arranged to detect variation of the measured impedance for
an electrical test signal at a first frequency, and if a variation
of the measured impedance 1s detected, to determine 11 the
variation 1s indicative of a pipe defect, and 11 so to determine
the distance from the seawater electrode to a pipe defect by
comparison of the measured impedances at the first and
second frequencies.

The first and second electrically conductive members
forming the transmission line may comprise first and second
metallic structural members of the pipe body and the elec-
trically conductive member coupled to the impedance moni-
tor comprises one of the first and second metallic structural
members.

According to a fourth aspect of the present invention there
1s provided a method of forming a pipeline apparatus, the
method comprising: providing a pipe body including first
and second electrically conductive members extending at
least partially along the length of the pipe body and elec-
trically 1solated from one another to form an electrical
transmission line; and coupling an end fitting to at least one
end of the pipe body; wherein a detection apparatus accord-
ing to the first aspect of the present invention 1s coupled to
an end fitting coupled to an end of the pipe body, the method
turther comprising coupling the signal generator to the first
and second electrically conductive members.

According to a fifth aspect of the present invention there
1s provided a detection apparatus arranged to detect defects
within a flexible pipe at least partially surrounded by sea-
water, the detection apparatus comprising: an impedance
monitor arranged to measure the impedance between an
clectrically conductive member extending at least partially
along the length of a flexible pipe and a separate seawater
clectrode 1n contact with seawater surrounding at least part
of the tlexible pipe in response to an electrical test signal
applied to the electrically conductive member at first and
second Irequencies; and a processor arranged to detect
variation ol the measured impedance for an electrical test
signal at a first frequency, and 11 a vanation of the measured

impedance 1s detected, to determine 1f the variation 1is

indicative of a pipe defect, and 1f so to determine the
distance from the seawater electrode to a pipe defect by
comparison of the measured impedances at the first and
second frequencies.

The pipe may have an outer electrically i1solating layer
such that before any defect occurs there 1s no electrical
conduction between the electrically conductive member and
scawater.

The impedance monitor may be arranged to apply elec-
trical test signals to the electrically conductive member at a
plurality of frequencies between 10 Hz and 100 kHz.

The impedance monitor may comprise a current source
arranged to supply an electrical test signal to the electrically
conductive member, and a voltage meter arranged to deter-
mine the generated voltage at the electrically conductive
member relative to the seawater electrode.

The voltage meter may be a synchronous demodulator
and the impedance monitor may further comprise a control-

ler arranged to provide a frequency control signal to the
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current source and the synchronous demodulator to ensure
that the voltage measurements are synchronised to the
current source.

According to a sixth aspect of the present invention there
1s provided a method of detecting defects within a flexible
pipe at least partially surrounded by seawater, the method
comprising: coupling an impedance monitor between an
clectrically conductive member extending at least partially
along the length of a flexible pipe and a seawater electrode
in contact with seawater surrounding at least part of the
flexible pipe; generating an electrical test signal at the
impedance monitor and applying the test signal to the
clectrically conductive member at first and second frequen-
cies; detecting variation of the measured impedance for an
clectrical test signal at a first frequency; and determining if
a detected impedance variation 1s indicative of a pipe defect,
and 11 so determining a distance from the seawater electrode
to a pipe defect by comparison of the measured impedances
at the first and second frequencies.

According to a seventh aspect of the present mvention
there 1s provided a pipeline apparatus comprising: a pipe
body including an electrically conductive member extending
at least partially along the length of the pipe body; an end
fitting coupled to at least one end of the pipe body; a
seawater electrode; and a detection apparatus according to
the fifth aspect of the present invention coupled to an end
fitting coupled to an end of the pipe body, wherein the
impedance monitor 1s coupled to the electrically conductive
member and the seawater electrode.

The electrically conductive member may comprise a
metallic structural member of the pipe body. Alternatively,
the electrically conductive member may comprise another
suitably conductive tape element (for instance a metallic
wire or cable) extending through the pipe body between an
innermost barrier layer and an outermost barrier layer.

The pipeline apparatus may further comprise a second
detection apparatus, the second detection apparatus com-
prising: a signal generator coupled to a pair of electrically
conductive members extending at least partially along the
length of the pipe body and electrically i1solated from one
another to form an electrical transmission line, the signal
generator being arranged to generate an electrical test signal
and to apply the test signal between the pair of electrically
conductive members, the test signal comprising a pulse code
modulated electrical signal; a receiver coupled to the pair of
clectrically conductive members and arranged to receive an
clectrical return signal comprising a retlection of the test
signal; a correlator arranged to correlate the test signal with
the return signal and to determine a correlation signal; and
a processor arranged to detect varnation of the correlation
signal, and to determine 11 a detected variation 1s indicative
ol a pipe defect.

The pair of electrically conductive members may com-
prise the first metallic structural member of the pipe body
and a second metallic structural member of the pipe body.

According to an eighth aspect of the present mvention
there 1s provided a method of forming a pipeline apparatus,
the method comprising: providing a pipe body including an
clectrically conductive member extending at least partially
along the length of the pipe body; providing a seawater

clectrode; and coupling an end fitting to at least one end of
the pipe body; wherein a detection apparatus according to
the fifth aspect of the present invention 1s coupled to an end
fitting coupled to an end of the pipe body, the method further
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6

comprising coupling the impedance monitor to the electri-
cally conductive member and the seawater electrode.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention are further described here-
inafter with reference to the accompanying drawings, in
which:

FIG. 1 illustrates a tlexible pipe body;

FIG. 2 illustrates a riser assembly incorporating a flexible
pipe body;

FI1G. 3 illustrates a detection apparatus 1n accordance with
a first embodiment of the invention;

FIG. 4 graphically illustrates the output of a correlator
forming part of the detection apparatus of FIG. 3;

FIG. 5 illustrates a detection apparatus 1n accordance with
a second embodiment of the invention:

FIG. 6 1s a graph illustrating the attenuation of an elec-
trical signal relative to the frequency of the signal for three
different distances:

FIG. 7 illustrates an impedance monitor forming part of
the detection apparatus of FIG. 5;

FIG. 8 1s a flow chart illustrating a detection method 1n
accordance with the first embodiment of the invention; and

FIG. 9 1s a flow chart illustrating a detection method 1n
accordance with the second embodiment of the invention.

In the drawings like reference numerals refer to like parts.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

Throughout this description, reference will be made to a
flexible pipe. It will be understood that a flexible pipe 1s an
assembly of a portion of a pipe body and one or more end
fittings 1n each of which a respective end of the pipe body
1s terminated. FIG. 1 1llustrates how pipe body 100 1s formed
in accordance with an embodiment of the present mnvention
from a combination of layered materials that form a pres-
sure-containing conduit. Although a number of particular
layers are illustrated 1n FIG. 1, 1t 1s to be understood that the
present invention 1s broadly applicable to coaxial pipe body
structures including two or more layers manufactured from
a variety of possible materials. It 1s to be further noted that
the layer thicknesses are shown for illustrative purposes
only.

As 1llustrated in FIG. 1, a pipe body includes an optional
innermost carcass layer 101. The carcass provides an inter-
locked construction that can be used as the innermost layer
to prevent, totally or partially, collapse of an internal pres-
sure sheath 102 due to pipe decompression, external pres-
sure, and tensile armour pressure and mechanical crushing
loads. It will be appreciated that certain embodiments of the
present invention are applicable to ‘smooth bore” operations
(1.e. without a carcass) as well as such ‘rough bore’ appli-
cations (with a carcass).

The internal pressure sheath 102 acts as a fluid retaining,
layer and comprises a polymer layer that ensures internal
fluid integrity. It 1s to be understood that this layer may itself
comprise a number of sub-layers. It will be appreciated that
when the optional carcass layer i1s utilised the internal
pressure sheath 1s often referred to by those skilled 1n the art
as a barrier layer. In operation without such a carcass
(so-called smooth bore operation) the internal pressure
sheath may be referred to as a liner.

An optional pressure armour layer 103 1s a structural layer
with a lay angle close to 90° that increases the resistance of
the flexible pipe to internal and external pressure and
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mechanical crushing loads. The layer also structurally sup-
ports the internal pressure sheath, and typically consists of
an nterlocked construction.

The flexible pipe body also includes an optional first
tensile armour layer 105 and optional second tensile armour
layer 106. Each tensile armour layer is a structural layer with
a lay angle typically between 10° and 55°. Each layer 1s used
to sustain tensile loads and internal pressure. The tensile
armour layers are often counter-wound 1n pairs.

The flexible pipe body shown also includes optional
layers of tape 104 which help contain underlying layers and
to some extent prevent abrasion between adjacent layers.

The flexible pipe body also typically includes optional
layers of insulation 107 and an outer sheath 108, which
comprises a polymer layer used to protect the pipe against
penetration of seawater and other external environments,
corrosion, abrasion and mechanical damage.

Each flexible pipe comprises at least one portion, some-
times referred to as a segment or section of pipe body 100
together with an end fitting located at one end or both ends
of the tlexible pipe. An end fitting provides a mechanical
device which forms the transition between the flexible pipe
body and a connector. The diflerent pipe layers as shown, for
example, in FIG. 1 are terminated 1n the end fitting in such
a way as to transier the load between the tlexible pipe and
the connector.

FIG. 2 illustrates a riser assembly 200 suitable for trans-
porting production fluid such as o1l and/or gas and/or water
from a sub-sea location 201 to a floating facility 202. For
example, 1n FIG. 2 the sub-sea location 201 includes a
sub-sea flow line 205. The flexible flow line 205 comprises
a flexible pipe, wholly or in part, resting on the sea tloor 204
or buried below the sea floor and used 1n a static application.
The floating facility may be provided by a platform and/or
buoy or, as illustrated 1n FIG. 2, a shup. The riser assembly
200 15 provided as a flexible riser, that 1s to say a flexible
pipe 203 connecting the ship to the sea tloor installation. The
tflexible pipe may be in segments of tlexible pipe body with
connecting end fittings. FIG. 2 also 1llustrates how portions
of flexible pipe can be utilised as a flow line 205 or jumper
206. It will be appreciated that there are different types of
riser, as 1s well-known by those skilled 1n the art. Embodi-
ments of the present invention may be used with any type of
riser, such as a freely suspended (free, catenary riser), a riser
restrained to some extent (buoys, chains), totally restrained
riser or enclosed 1n a tube (I or I tubes).

As noted above, defects in a flexible pipe body can
compromise the structural integrity of the pipe body. In
particular, a breach or rupture of an outer secawater resistant
layer can allow seawater ingress into the pipe body annulus
between an mmnermost barrier layer and the outer seawater
resistant layer. With reference to FIG. 1 the outer seawater
resistant layer may comprise the polymer outer sheath 108
and the mnermost barrier layer may comprise the internal
pressure sheath 102. The pipe body annulus 1s occupied by
metallic structural components such as the tensile armour
layers 105, 106 of FIG. 1. Such components are frequently
formed from steel or other metals and are susceptible to
rapid corrosion in the presence of seawater. There will now
be described embodiments of the present invention which
can detect a breach of an outer resistant layer of a flexible
pipe body. Certain embodiments can also detect other varia-
tions 1n the condition of a flexible pipe body, including
crushing, bending and temperature variation.

FI1G. 3 1llustrates a detection apparatus 1n accordance with
a first embodiment of the present invention coupled to a
flexible pipe body. The detection apparatus 1s arranged to
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detect a change to a flexible pipe body which may indicate
either a defect (and 1n particular a breach allowing seawater
or other flumids into the pipe body annulus) or certain forms
of change of condition as discussed above. The detection
apparatus may be coupled to a warning system arranged to
provide an output signal to an operator of the flexible pipe
alerting the operator to potential damage to the pipe. The
output signal may, for istance, be a visual or audible alarm.

FIG. 3 shows a flexible pipe 300, which as discussed
above may lform a riser. The pipe 1s at least partially
surrounded by seawater, schematically illustrated by the
pipe extending below the surface level 302 of the sea. As
discussed above, a flexible pipe body i1s constructed from
multiple layers of polymer barrier, including an outer sea-
water resistant layer 304 and at least first and second layers
of co-axial metallic structural elements indicated 306, 308.
The metallic structural elements, for instance the tensile
armour layers 105, 106 of FIG. 1, are designed to satisty
purely mechanical properties of the structure of the pipe
body. However, provided at least two of the metallic com-
ponents, for instance individual tensile armour wires or
separate armour wire layers as shown in FIG. 3, are elec-
trically 1solated from each other by an insulating medium,
for instance the tape layers 104 of FIG. 1, then 1t can be
considered that those components comprise first and second
electrically conductive members 306, 308 extending at least
partially along the length of a flexible pipe body. It will be
appreciated by the appropriately skilled person that the
clectrically conductive members 306, 308 form an electrical
transmission line capable of transmitting electrical signals.
In particular, 1 the selected metallic components comprise
first and second layers within the pipe body structure then
the electrically conductive members 306, 308 form a coaxial
clectrical transmission line.

The skilled person will appreciate that a pair of electri-
cally conductive members 306, 308 which are insulated
from one another and extending at least partially along the
length of a flexible pipe will transmit high frequency elec-
trical signals which are applied at a first end of the pipe, as
1s the case for any electrical transmission line. The electrical
signals are supplied by a signal generator electrically
coupled to both members such that the electrical signal 1s
applied between the members 306, 308. At high frequencies
transmission lines possess resonant properties associated
with their length, diameter, construction, and the dielectric
properties of an msulator between the conductive members,
which may be characterised by impedance and signal propa-
gation speed (usually expressed as a fraction of the speed of
light, c).

A notable characteristic of electrical transmission lines 1s
that unless the end 1s correctly terminated with a matching
impedance, electrical energy 1s reflected back along the line
towards the source. For a tlexible pipe, typically the elec-
trically conductive members 306, 308 are not e¢lectrically
coupled at either end of the tlexible pipe. Even if electrical
coupling 1s provided at a subsea end of the pipe, 1t 1s unlikely
that the electrical coupling would have an impedance
matched to the characteristic impedance of the transmission
line. The reflected electrical energy can be receirved at a
receiver. The skilled person will appreciate that the signal
generator and the recerver may be combined, 1n the form of
a transceiver. Electrical energy 1s also reflected by variations
in the characteristic impedance along the length of the line.
Specifically, partial reflections of the supplied electrical test
signal are generated whenever there is a change in the
characteristic impedance along the length of a transmission
line. For the example of a flexible pipe body, 1f seawater
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enters the annulus of the pipe body due to a breach partway
along the pipe body the seawater will directly affect the
impedance of the transmission line at that point as the
seawater begins to saturate the void or the dielectric material
between the electrically conductive members.

Reflections obtained from an electrical test signal intro-
duced 1nto a transmission line can be analysed to determine
transmission line faults. Typically a strong retflection 1s
received after a known propagation delay corresponding to
the electrical test signal propagating to the opposite end of
the transmission line and being reflected back from the
unmatched impedance at the opposite end. Other reflections
returned from impedance variations along the transmission
line from for example, a structural fault, can be analysed.
Given knowledge of the electrical propagation speed of a
transmission line, the time for the reflection to be returned
can be used to determine the location of the impedance
variation. Typically the itroduced electrical test signal 1s a
very narrow, high energy pulse introduced into one end of
the transmission line. The reflected pulse can be observed
returning along the transmission line. The time of pulse
return indicates the distance down the transmission line
where the fault lies (based on the propagation velocity and
therefore the time for the signal to travel to the impedance
variation and return). The pulse amplitude can be used to
give an indication of the seriousness of the fault, and the
polarity of the reflection determines whether the fault 1s
tending to an open circuit, or a short circuit. This technique
1s conventionally referred to as Time Domain Retlectometry
(TDR). It will be appreciated that 1n the case of a pipe body,
scawater ingress will cause the transmaission line to tend
towards a short circuit.

In accordance with the first embodiment of the present
invention the signal generator and the receiver are combined
to form a transceiver 310 which 1s coupled by wires 312, 314
to the first and second electrically conductive members 306,
308 within the pipe body 300. The transceiver 310 1s coupled
to a correlator 316 arranged to correlate a transmitted
clectrical test signal and a recerved retlected electrical return
signal. The correlator 316 provides a correlation signal
which 1s supplied to a processor 318 for analysis. The
transceiver 310, correlator 316 and processor 318 may be
referred to as a time domain reflectometer (TDR) 320. It wall
be appreciated that 1n alternative embodiments of the present
invention the signal generator (or a transmitter) and the
receiver may be separate.

The electrical test signal applied between the conductive
members 306, 308 by the transceiver 310 1s arranged to vary
over time. A time varying electrical test signal allows the
correlator 316 to generate a correlation signal that indicates
the degree of correlation with the electrical return signal at
a range ol correlation delays which directly correspond to
distance along the pipe body (strictly, the correlation delays
correspond to twice the distance along the pipe body to a
fault giving rise to a signal reflection). Consequently mul-
tiple retlections of the electrical test signal, both from far end
of the pipe body and impedance vaniations along the pipe
body can be determined. The test signal may be a high
frequency pulsed signal. Specifically, the test signal com-
prises a pulse code modulated signal. In particular embodi-
ments of the mvention the electrical test signal comprises a
continuous pseudo random coded signal. However, 1t will be
appreciated that the test signal could be discontinuous, for
instance a pseudo random burst or chirp signal in which a
pseudo random code 1s transmitted for a short period of time
according to a pulse repetition frequency and a duty cycle.
Additionally the test signal may not be pseudo random: 1t

10

15

20

25

30

35

40

45

50

55

60

65

10

could be truly random or 1t could be a predetermined signal
pattern (which may be repeated). Such a test signal may be
considered to be a spread spectrum test signal. In the event
of repetition of the test signal, it 1s desirable that the
repetition interval 1s longer than the maximum propagation
delay for the test signal to be reflected from the opposite end
of the pipe body. The electrical test signal may be generated
by the transceiver 310 under the control of the processor
318.

It will be understood that impedance variations within a
transmission line formed from electrically conductive mem-
bers extending along a flexible pipe body may be due to a
breach of the outer seawater resistant layer of the pipe body.
Seawater 1gress into the pipe body 1s liable to electrically
couple the conductive members at the point of the breach,
causing a change in the characteristic impedance of the
transmission line at the point of the breach, resulting 1n a
signal reflection which may be 1dentified in the correlation
signal as a peak or other discernable feature 1n the correla-
tion signal. The peak may be additional to an expected
reflection from the opposite end of the transmission line. It
will be appreciated that such a change in the characteristic
impedance may also be due to a breach of a barrier layer
causing production fluid to enter the pipe body annulus. The
processor 318 1s arranged to determine the position of a
detected impedance variation from the correlation delay of
the detected peak, and the magnitude of the changed imped-
ance (indicative of the seriousness of the breach) from the
s1ze of the peak. As noted above, other factors may give rise
to a change 1n the impedance, for instance physical damage
to the electrically conductive members due to crushing or
bending of the pipe body, or significant temperature varia-
tion. Such factors may increase the susceptibility of a pipe
body to damage, including a breach, and so 1t 1s desirable to
be able to detect such a change in condition.

It will be appreciated that because a time varying signal,
such as a pseudo random code test signal, may be correlated
and processed 1n this way, multiple reflections (and hence
multiple changes 1n condition or defects along the pipe
body) can be detected. Furthermore the location of such a
defect of change 1n condition can be determined allowing a
visual inspection and, if necessary, maintenance to take
place. Advantageously, the first embodiment of the invention
allows the condition of a pipe body to be continually
monitored either by applying a continuous electrical test
signal to the conductive members, or by applying a discon-
tinuous pulsed test signal at regular intervals. Additionally
the use of a time varying signal 1s particularly advantageous
compared with the use of a high energy pulse, as used 1n
conventional TDR for coaxial cables, because the peak
energy mtroduced into the pipe body 1s considerably lower,
which 1s mtrinsically safer in a petrochemical environment.

A test signal 1n accordance with one embodiment of the
invention will now be described. The test signal applied to
the transmission line comprises of a series of apparently
random binary sequences; a pseudo random code (PRC). A
PRC 1s a sequence of binary values which 1s chosen so that
its binary sequence does not repeat throughout the period of
the code, and the length of the code 1s selected to be
sufliciently long that for a period of interest there 1s no
repetition. Although each bit sequence 1s apparently random,
the PRC 1s generated by a computational algorithm using
pre-loaded deterministic information. Thus, although within
the binary sequence the signal appears to be random, the
sequence 1tsell can be repeated at regular intervals. Com-
monly PRSs are generated using a shift register with appro-
priate feedback. In one suitable embodiment the PRC 1s
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generated in embedded code within a Field Programmable
Gate Array (FPGA). The received signal 1s correlated
against the transmitted signal. As the sequences are regularly
repeated, the results from sequential autocorrelations can be
compared by a microprocessor to examine for changes to the
transmission line. A 1024 bit pseudo random binary
sequence may be used with a maximum frequency of either
10 MHz or 20 MHz. The binary sequence 1s aggregated over
a minimum of 216 repeats. The resulting signal 1s presented
to the pipeline structure at typically 6 V_ mto a transmis-
s1on line structure having a typical characteristic impedance
of 36 L.

It will be understood by the skilled person that caretul
selection of the properties of the pseudo random electrical
test signal can atlect the sensitivity of the detection appa-
ratus, while also affecting the power requirements of the
apparatus. It will be appreciated that the required resolution
for determining the position of a defect 1n a pipe body
(which may be over 1 km 1n length) could be relatively low.
For instance, it may be suflicient to 1dentily the position of
a defect to within 5 m allowing visual or manual mspection
to 1dentify the precise location. A 50 MHz to 100 MHz pulse
rate will provide a detection resolution of the order of 50 cm
(depending upon the characteristic impedance of the trans-
mission line before a fault occurs and the propagation
speed).

The correlation signal output from the correlator 316 1s
analysed in the processor 318, which alternatively be
referred to as a signal analyser. An example of a correlation
signal output from the correlator 316 1s shown 1 FIG. 4
which 1illustrates the correlation signal as a two dimensional
array plotting degree of correlation against correlation
samples. The correlation samples are representative of time
delay between the transmitted electrical test signal and the
received electrical return signal. Given knowledge of the
propagation velocity, the correlation sample are also repre-
sentative of distance along the transmission line to the
impedance variation giving rise to a reflection (additionally
taking into account that the electrical signal must traverse
the distance to the anomaly twice). The distance along the
transmission line 1s generally equal to the distance along the
pipe body, though this may vary for instance 1f one or both
conductive member comprises a single tensile armour wire
which spirals around the pipe body. FIG. 4 plots correlation
tactor (the correlation magnitude) against correlator samples
which 1s related to distance 1n metres. It can be seen that
there 1s a significant correlation peak corresponding to an
anomaly appearing at around 280 m. The processor 318 may
be further arranged to determine whether a correlation peak
exceeds a predetermined threshold before providing an
output signal indicating that a defect has been detected (and
optionally giving location and magnitude of the defect.

In a further embodiment, 1n place of using structural
components of a pipe body to form a transmission line, one
or both electrically conductive members may be substituted
for a separate electrically conductive tape element. The tape
clement may take the form for a sensor cable, a conductive
wire, or any other suitable elongate electrically conductive
structure. Advantageously, this allows the mvention to be
used 1n flexible pipes without metallic layers or structural
components. Additionally, the tape element may be used 1n
pipe bodies where 1t 1s not possible to electrically 1solate two
clectrically conductive structural components. The perfor-
mance ol a separate electrically conductive tape element
may be optimised for the specific purposes of the detection
system 1n 1solation of the mechanical specification of struc-
tural components of a pipe body. The tape element or
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clements may be placed within a tensile layer of a pipe body,
or another suitable layer, with the tape electrically 1solated
from surrounding structural metal wires. The tape element
insulation 1s preferably permeable to water or other fluids.
This can be achieved by using cloth or similar permeable
insulation or by placing isolating polymer sections at either
side of the tape element so that the interlayer tapes separate
the tape element from underlying and overlying layers and
the polymer sections irom the adjacent structural wires. The
insulation 1s preferably configured and positioned such that
in the event of a breach of an outer seawater resistant layer
the 1nsulation surrounding the tape element 1s saturated by
scawater. For a non-metallic pipe body no insulation 1s
required so long as the tape elements are spaced apart within
the pipe annulus. Advantageously, the use of one or two
separate tape elements in the first embodiment of the mnven-
tion can reduce the necessary modifications to pipe-end
fittings to couple the pipe to the detection system.

The lowest preferred industry standard for transmission
lines 1s 50 ohms, and the detection apparatus in accordance
with embodiments of the present invention 1s designed
around this so as to allow the use of standard lead in cables
and connectors to couple to the electrically conductive
clements extending along the pipe to form the transmission
line. However, a pipe structure typically has a characteristic
impedance around 33£2 or less. Therefore to match the
detection apparatus to the pipe requires an impedance
matching transformer in the pipe end fitting. Advanta-
geously, the use of separate tape elements, such as sensor
cables or wires, extending along the pipe to form the
transmission line, i place of the use of structural elements
of the pipe, allows greater control over the characteristic
impedance of the transmission line. In certain embodiments
the caretul selection of tape elements allows the pipe trans-
mission line to have a characteristic impedance which 1s
compatible with the detection apparatus, for instance 50€2,
removing the need for a transformer.

As a further alternative, 1n place of a separate electrically
conductive tape element, one or more tensile armour wires
or layers may be electroplated, for instance with a copper
coating, to lower the resistance of the armour wire. The
transmission line properties of the tensile armour wires may
thus be closely controlled without impacting upon the struc-
tural properties of the armour wires. Additionally 1nsulation
within the transmaission line may be formed from a material
that 1s permeable to fluids, but arranged to selectively block
certain fluids, for istance H,S which may be desirable 1n
certain embodiments.

It will be appreciated that 1n the event of a breach of an
outer secawater resistant layer the pipe body annulus will
begin to fill with water. The consequence of this i1s that,
while the impedance of the whole transmission line will be
aflected, there will no longer be a sharp variation in 1mped-
ance at the point of the original breach. Consequently,
certain embodiments of the present invention may prefer-
ably continuously monitor a pipe body for an indication of
a possible defect and record observed signal reflections,
including recording the magnitude of a reflection and 1ts
location, such that this indication of a defect 1s not lost as the
surrounding portions of the transmission line assume the
same, reduced impedance.

Referring now to the flow chart of FIG. 8, a detection
method in accordance with the first embodiment of the
present invention will now be described. At step 600 the
detection apparatus illustrated in FIG. 3 1s coupled to an
clectrically conductive member within the pipe body and to
a sea water electrode. At step 602 an electrical test signal as
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described above 1s coupled between the electrically conduc-
tive members. At step 604 an electrical return signal 1s
received. At step 606 the test signal and the return signal are
correlated to provide a correlation signal. At 608 the corre-
lation si1gnal 1s processed to detect variations which may be
indicative of a pipe body detect or other change of condition.
At 610 the magnitude of a vanation, 1 particular the
magnitude of a newly appearing peak in the correlation
signal, 1s determined to provide an indication of the severity
of a defect or a change 1n pipe body condition. At 612 the
location of a detected anomaly may be determined. It will be
appreciated that in practice the method of FIG. 8 1s not a
linear process and 1n certain embodiments the test signal
may be continuously or substantially continuously applied
to the electrically conductive members. Consequently a
return signal may be continuously received and the corre-
lation s1ignal may be continuously generated and processed.

FI1G. 5 1llustrates a detection apparatus 1n accordance with
a second embodiment of the present mvention. As for the
first embodiment of the invention, the detection apparatus 1s
arranged to detect a change to a tlexible pipe body which
may be indicative either of a defect (and in particular a
breach which allows seawater or other fluids into the pipe
body annulus). The detection apparatus may be coupled to a
warning system arranged to provide an output signal to an
operator of the flexible pipe alerting the operator to potential
damage to the pipe. The output signal may, for instance, be
a visual or audible alarm.

Certain aspects of the second embodiment of the present
invention are similar or identical to aspects of the first
embodiment of the present invention and so their description
will not be repeated. In particular, the construction of a
flexible pipe body which may be coupled to the detection
apparatus may be the same. As will be described below, the
detection apparatus 1llustrated 1n FIG. 5 need couple only to
a single electrically conductive member extending at least
partially along the length of a pipe body. The electrically
conductive member may comprise a metallic structural
component such as a single tensile armour wire or a tensile
armour wire layers, or a separate tape element as described
above.

The outer seawater resistant layer of a flexible pipe body
may be manufactured from a polymer material with known
intrinsic electrical 1nsulation properties. Sea water has
known electrical conduction properties, though this may
vary from location to location, for instance due to variation
in the salinity of the seawater, and so the second embodi-
ment of the invention may require calibration before use to
adapt to local conditions. A physical breach in the form of
an aperture in the outer seawater resistant layer of a flexible
pipe permits a conductive path between the sea water and the
steel internal structure of the pipe body. In accordance with
the second embodiment of the present invention an electrical
impedance measurement made between seawater surround-
ing a tlexible pipe and the internal metallic structure of the
pipe body provides a means of indicating the presence of a
breach. Specifically, 1n the event that the measured 1mped-
ance drops, 1t can be inferred that a breach has occurred and
seawater 1s 1n contact with the internal metallic structure of
the pipe body.

Referring to FIG. 5, this shows a flexible pipe body 400,
which as discussed above may comprise a riser. The pipe
body 1s at least partially surrounded by seawater, schemati-
cally illustrated by the pipe body extending below the
surface level 402 of the sea. As discussed above, such a
flexible pipe body 1s constructed from multiple layers of
polymer barrier, including an outer seawater resistant layer
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404 and at least one layer of metallic structural elements
406, for 1nstance the tensile armour layers 105, 106 of FIG.
1. A seawater electrode 408 1s 1n contact with seawater in
proximity to the pipe body 400. An impedance monitor 410
1s coupled to the seawater electrode 408 and either a metallic
structural component 406 of the pipe body 400 or a separate
tape element within the pipe body. The impedance monitor
410 provides a measurement of the impedance between the
seawater electrode 408 and the pipe body 400. The imped-
ance measurement 1s supplied to a processor 412 which 1s
arranged to detect an impedance drop, for instance from
approximately 1 ME2 (approximately equal to a impedance
of a polymer barrier layer) to approximately 5€2 (the
approximate impedance of seawater). In one embodiment
the impedance momnitor 412 1s arranged to measure 1mped-
ance 1n the range of 0-10 k€2. An impedance above 10 k€2
1s registered as the maximum 10 k€2 due to the measurement
system saturating at that value. Advantageously, this accu-
rately records the absence of a polymer barrier layer while
allowing greater measurement resolution at lower 1mped-
ance values. If there 1s any seawater conductivity path
between the structure of the pipe body and the seawater
clectrode the measured impedance 1s well below 10 k€2 The
processor 412 1s further arranged to determine whether this
impedance drop 1s indicative of a breach of the outer
seawater resistance layer of the pipe body, for instance by
determining whether the magnitude of the impedance drop
exceeds a predetermined threshold. The processor 412 1is
arranged to provide an appropriate output signal as
described above 1n connection with processor 318 of FIG. 3.

Unlike the predominantly electron flow conduction 1n
metals, the electrical conduction 1n seawater 1s dependent on
ion mobility, and this leads to sigmificant variation 1n
observed conductivity with the frequency of the applied
measurement excitation. This 1s shown schematically 1n the
FIG. 6 which shows relative attenuation of an applied
alternating current signal at various low frequencies and
between electrodes spaced at 10 m, 100 m, and 1 Km. The
second embodiment of the present invention takes advantage
of the attenuation data of FIG. 6 by applying frequency agile
excitation of the impedance monitor 410, comparing the
results obtained at various frequencies, and from that infor-
mation determining an approximate location of the breach.
In certain embodiments the excitation frequency of the
impedance monitor 1s 1n the range 10 Hz to 1 kHz. In other
embodiments the maximum excitation frequency of the
impedance monitor may be 100 kHz. It will be appreciated
by the skilled person that the detection system of FIG. 35
could also operate using DC test signals to determine
whether there 1s a pipe defect through detected seawater
conduction to the seawater electrode. However, 1t will be
understood that this would not allow the detection of loca-
tion of the defect. Furthermore there would be additional
complications to be overcome due to electro-chemical ofl-
sets, polarisation and interference with the pipe cathodic
protection system (discussed below).

The impedance monitor 1s shown 1n greater detail in FIG.
7. A first electrode 500 1s coupled to Earth and a second
clectrode 502 1s coupled between a Howland current source
504 and a synchronous demodulator 506. It will be appre-
ciated that the first electrode may be the seawater electrode
408 and the second electrode may be within the pipe body.
Specifically, the seawater electrode may be the metalwork
(1.e. “Earth”) of the supporting vessel or rig. The impedance
monitor may operate i either a voltage or current source
mode. In FIG. 7 a Howland current source 504 1s used as 1t
provides greater linearity of response. The Howland current
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source 304 1s shown connected to the second electrode. The
Howland current source 504 supplies a current to the pipe
body 1n response to an mput signal supplied by a synchro-
nous filter 508. The current may be AC current. In one
embodiment, preferably the signal may be a sinusoidal
waveform AC current. Other waveforms, for instance a
square wave could be used, however sinusoidal 1s preferred
because then there are no harmonics present, which could
interfere with the operation of the frequency dependent
range measurement system. That 1s, the applied electrical
test signal may be AC. In other embodiments a voltage
source may be used. The synchronous filter 508 provides a

signal under the control of a pulsed control signal from
controller 510, which additionally supplies the same control
signal to the synchronous demodulator 506. The synchro-
nous demodulator 506 1s arranged to analyse the voltage
generated across the insulating boundary of the pipe body
and the seawater at each frequency. The synchronous
demodulator 506 supplies an output signal to the controller
510, which 1s indicative of the voltage of the second
clectrode 502 relative to Earth. In the event of a breach of
the polymer barrier, the voltage of the second electrode 502
1s dependent upon the applied current and the seawater
impedance between the electrodes 500, 502 indicated by
resistor symbol 512. The controller 510 1s arranged to
generate an output signal indicative of the impedance
between the electrodes 500, 502 by comparison of the
supplied current and the measured voltage. The output signal
1s provided to the processor 412, which 1s arranged to
determine whether a breach 1s detected.

In the event that a breach (schematically shown at 414 in
FIG. 5) 1s detected through a step change in the impedance
the processor 412 1s arranged to instruct the impedance
monitor to perform 1mpedance measurements at a range of
excitation frequencies (for mnstance 10 Hz, 30 Hz, 100 Hz,
300 Hz and 1 kHz), which by cross reference to the graph
of FIG. 6 (or by reference to a look up table within the
processor 412) allow an estimation of the position of the
breach to be determined. The accuracy of this computation
1s dependent on a number of factors including the size of the
breach, the salinity and temperature of the sea water, the
attitude of the pipe body (e.g. vertical to horizontal) and the
clectrical conductivity of the steel inner structure.

Referring now to the flow chart of FIG. 9, a detection
method in accordance with the second embodiment of the
present mnvention will now be described. At step 700 the
detection apparatus illustrated 1mn FIG. 3 1s coupled to an
clectrically conductive member within the pipe body and to
a sea water electrode. At step 702 the impedance between
the electrodes 1s measured at a first frequency. At step 704
a determination 1s made whether a breach has been detected
by the magnitude of any detected drop 1n impedance. At step
706 11 a breach 1s detected the impedance 1s measured at a
range of frequencies. At step 708 the frequency and imped-
ance data 1s used to determine the location of a breach. If on
the other hand at step 704 1t 1s determined that no breach has
been detected, the process returns to step 702.

Advantageously, embodiments of the present invention
described above do not interfere with active cathodic pro-
tection systems coupled to pipe bodies 11 AC current 1s used.
The AC signals, when applied to the electrically conductive
members or separate tape elements within the pipe body
have no eflect upon a DC cathodic protection system.

With the above-described arrangement defects including
breaches of an outer seawater resistant layer of a pipe body,
and other variations of the condition of a flexible pipe body
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can be detected 1n a timely manner, allowing further inspec-
tion, and 1f necessary maintenance, to take place.

It will be clear to a person skilled 1n the art that features
described 1n relation to any of the embodiments described
above can be applicable interchangeably between the dii-
ferent embodiments. The embodiments described above are
examples to 1illustrate various features of the invention. It
will be further apparent that the detection apparatuses and
methods described 1n connection with FIG. 3 and FIG. §
may be used 1 combination. For instance the detection
apparatus of FIG. 5 may be used to detect a breach 1n an
outer seawater resistant barrier layer before implementing
the detection apparatus of FIG. 3 to determine the location
of the breach (thereby minimising the use of the more data
intensive system of FIG. 3). Alternatively, the detection
apparatus of FIG. 3 may be used to detect a breach 1n an
outer seawater resistant barrier layer before implementing
the detection apparatus of FIG. 5 to determine the location
of the breach. As a further alternative, both apparatus may be
used simultaneously, or alternately, in order to provide
redundancy, in the event of failure of either apparatus, and
greater confidence that a seawater breach has been correctly
detected and located. In the event that both detection appa-
ratuses are applied to a single tlexible pipe, the electrically
conductive members may be separate for each apparatus or
they may overlap.

Throughout the description and claims of this specifica-
tion, the words “comprise” and “contain’ and variations of
them mean “including but not limited to™, and they are not
intended to (and do not) exclude other moieties, additives,
components, integers or steps. Throughout the description
and claims of this specification, the singular encompasses
the plural unless the context otherwise requires. In particu-
lar, where the indefinite article 1s used, the specification 1s to
be understood as contemplating plurality as well as singu-
larity, unless the context requires otherwise.

Features, integers, characteristics, compounds, chemical
moieties or groups described 1n conjunction with a particular
aspect, embodiment or example of the imvention are to be
understood to be applicable to any other aspect, embodiment
or example described herein unless incompatible therewith.
All of the features disclosed 1n this specification (including
any accompanying claims, abstract and drawings), and/or all
of the steps of any method or process so disclosed, may be
combined 1n any combination, except combinations where at
least some of such features and/or steps are mutually exclu-
sive. The mvention 1s not restricted to the details of any
foregoing embodiments. The invention extends to any novel
one, or any novel combination, of the features disclosed 1n
this specification (including any accompanying claims,
abstract and drawings), or to any novel one, or any novel
combination, of the steps of any method or process so
disclosed.

The reader’s attention 1s directed to all papers and docu-
ments which are filed concurrently with or previous to this
specification 1n connection with this application and which
are open to public mspection with this specification, and the
contents of all such papers and documents are incorporated
herein by reference.

What 1s claimed 1s:

1. A pipeline apparatus comprising:

a pipe body including annular innermost and outermost
fluid impermeable barrier layers;

first and second electrically conductive members extend-
ing at least partially along the length of the pipe body
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between the innermost and outermost barrier layers and
clectrically 1solated from one another to form an elec-
trical transmission line;

an end fitting coupled to at least one end of the pipe body;
and

a detection apparatus coupled to the end fitting;

wherein the detection apparatus comprises:

a signal generator coupled to the first and second
clectrically conductive members, the signal genera-
tor being arranged to generate an electrical test signal
and to apply the test signal between the first and
second electrically conductive members, the test
signal comprising a pulse code modulated electrical
signal;

a recerver coupled to the first and second electrically
conductive members and arranged to receive an
clectrical return signal comprising a reflection of the
test signal;

a correlator arranged to correlate the test signal with the
return signal and to determine a correlation signal;
and

a processor arranged to detect variation of the correla-
tion signal, and to determine if a detected variation
1s indicative of a pipe defect;

wherein at least one of the electrically conductive mem-
bers comprises an electrically conductive tape element;
and

wherein the signal generator and the receiver are coupled
to a first end of the electrically conductive members,

said pipeline apparatus further comprising a second detec-
tion apparatus, the second detection apparatus compris-
ng:

an 1mpedance monitor coupled to and arranged to
measure the impedance between an electrically con-
ductive member extending at least partially along the
length of the pipe body and a seawater electrode 1n
contact with seawater surrounding at least part of the
pipe body i1n response to an electrical test signal
applied to the electrically conductive member at first
and second frequencies; and

a processor arranged to detect vanation of the measured
impedance for an electrical test signal at a first
frequency, and if a vanation of the measured imped-
ance 1s detected, to determine 1f the variation 1s
indicative of a pipe defect, and 11 so to determine the
distance from the seawater electrode to a pipe defect
by comparison of the measured impedances at the
first and second frequencies.

2. A pipeline apparatus comprising:
a pipe body including:

a tubular mner sheath extending along a length of the
pipe body and defining a flmd impermeable barrier
layer;

a tubular outer sheath extending along the length of the
pipe body and defining a flmd impermeable barrier
layer, the tubular inner sheath and the tubular outer
sheath defining therebetween a pipe body annulus
extending along the length of the pipe body; and

an electrically conductive member extending at least
partially along the length of the pipe body within the
pipe body annulus;

an end fitting coupled to said tubular inner sheath and said
tubular outer sheath;

a seawater electrode disposed separate from and outside
of the pipe body and 1n contact with seawater surround-
ing at least a part of the tlexible pipe; and
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a detection apparatus coupled to the end fitting, wherein
the detection apparatus comprises:
an 1mpedance monitor coupled to the electrically con-
ductive member and the seawater electrode, the
impedance monitor being arranged to measure an
impedance between the electrically conductive
member and the seawater electrode through seawater
surrounding at least part of the pipe body 1n response
to an electrical test signal applied to the electrically
conductive member at a first frequency and a second
frequency; and

a processor arranged to detect a variation in the 1imped-
ance measured in response to the electrical test signal
at the first frequency, and 1n an event a variation in
the impedance 1s detected, determine whether the
variation 1s indicative of a breach of the tubular outer
sheath causing seawater to enter the pipe body
annulus, and i1f so, determine a distance from the
seawater electrode to the breach by comparing the
impedance measured at the first frequency with the
impedance measured at the second frequency.

3. The pipeline apparatus according to claim 2, wherein
the electrically conductive member comprises a metallic
structural member of the pipe body.

4. The pipeline apparatus according to claim 2, wherein
the electrically conductive member comprises an electrically
conductive tape element.

5. The pipeline apparatus according to claim 2, turther
comprising a second detection apparatus, the second detec-
tion apparatus comprising:

a signal generator coupled to a pair of electrically con-
ductive members extending at least partially along the
length of the pipe body and electrically i1solated from
one another to form an electrical transmission line, the
signal generator being arranged to generate an electri-
cal test signal and to apply the test signal between the
pair of electrically conductive members, the test signal
comprising a pulse code modulated electrical signal;

a receiver coupled to the pair of electrically conductive
members and arranged to receive an electrical return
signal comprising a retlection of the test signal;

a correlator arranged to correlate the test signal with the
return signal and to determine a correlation signal; and

a processor arranged to detect a variation in the correla-
tion signal and 1n an event the variation in the corre-
lation signal 1s detected, determine whether the
detected vanation 1s indicative of a breach of the
tubular 1nner sheath or the breach of the tubular outer
sheath causing fluid to enter the pipe body annulus;

wherein at least one of the electrically conductive mem-
bers comprises an electrically conductive tape element;
and

wherein the signal generator and the receiver are coupled
to a first end of the electrically conductive members.

6. The pipeline apparatus according to claim 5, wherein at
least one of the electrically conductive members comprise a
first metallic structural member of the pipe body.

7. A method of forming a pipeline apparatus, the method
comprising;

providing a pipe body including:

a tubular mner sheath extending along a length of the
pipe body defining a fluid impermeable barrier layer;

a tubular outer sheath extending along the length of the
pipe body defining a fluid impermeable barrier layer,
the tubular inner sheath and the tubular outer sheath
defining therebetween a pipe body annulus extend-
ing along the length of the pipe body; and
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an electrically conductive member extending at least
partially along the length of the pipe body within the
pipe body annulus;

providing a seawater electrode, the electrode being dis-

posed separate from and outside of the pipe body and
in contact with seawater surrounding at least part of the
tflexible pipe; and

coupling an end fitting to said tubular mner sheath and

said tubular outer sheath;

coupling a detection apparatus to the end fitting, wherein

the detection apparatus comprises:

an 1mpedance monitor arranged to measure an 1mped-
ance between the electrically conductive member
and the seawater electrode through seawater sur-
rounding at least part of the pipe body 1n response to
an electrical test signal applied to the electrically
conductive member at a first frequency and a second
frequency; and

a processor arranged to detect a presence of variation 1n
the impedance measured 1n response to the electrical
test signal at the first frequency, and 1n an event the
presence of variation 1n the impedance 1s detected,
determine whether the varnation 1s indicative of a
breach of the tubular outer sheath causing seawater
to enter the pipe body annulus, and 1f so determine
a distance from the seawater electrode to the breach
by comparing the impedance measured at the first
frequency with the impedance measured at the sec-
ond frequency; and

coupling the impedance monitor to the electrically con-

ductive member and the seawater electrode.

8. The pipeline apparatus according to claim 2, wherein
the impedance monitor 1s arranged to apply electrical test
signals to the electrically conductive member at a plurality
ol frequencies between 10 Hz and 100 kHz.

9. The pipeline apparatus according to claim 2, wherein
the impedance monitor comprises a current source arranged
to supply an electrical test signal to the electrically conduc-
tive member, and a voltage meter arranged to determine the
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generated voltage at the electrically conductive member
relative to the seawater electrode.
10. The pipeline apparatus according to claim 2, wherein
the voltage meter 1s a synchronous demodulator and the
impedance monitor further comprises a controller arranged
to provide a frequency control signal to the current source
and the synchronous demodulator.
11. A method of detecting defects within a flexible pipe at
least partially surrounded by seawater, the method compris-
ng:
coupling an impedance monitor between an electrically
conductive member extending at least partially along a
length of a flexible pipe body within a pipe body
annulus extending along the length of the pipe body
and a seawater electrode disposed separate from and
outside of the pipe body and 1n contact with seawater
surrounding at least part of the flexible pipe;

generating an electrical test signal at the impedance
monitor and applying the test signal to the electrically
conductive member at a first frequency and a second
frequency;
measuring an impedance between the electrically conduc-
tive member and the seawater electrode through sea-
water surrounding at least part of the pipe body;

detecting a variation in the measured impedance for an
clectrical test signal at a first frequency; and

determining 11 the vanation 1n the measured impedance 1s
indicative of a breach of the tubular outer sheath
causing seawater to enter the pipe body annulus, and 1f
so determining a distance from the seawater electrode
to the breach by comparing the measured impedances
at the first and second frequencies;

wherein the pipe body annulus i1s defined between a

tubular internal sheath extending along the length of the
pipe body defining a fluid impermeable barrier layer
and a tubular outer sheath extending along the length of
the pipe body defining a flmd impermeable barrier
layer.
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